[1] A Eulerian perturbation method is applied to study the influence of medium heterogeneity on nonreactive chemical transport in a saturated, fractured porous medium under steady state flow conditions. A dual-permeability model is used to describe the flow and solute transport in the fractured medium van Genuchten, 1993a, 1993b]. The model involves two overlaying continua at the macroscopic level, a fracture pore system, and a less permeable matrix pore system. Solute advection and dispersion take place in both pore systems. A first-order mass diffusion model is used to describe the mass diffusion between fracture and matrix regions. The hydraulic conductivities in both fracture and matrix regions, K f and K m , and the interregional mass diffusion coefficient, a, are assumed to be spatial random variables to account for heterogeneity of the medium. A closed form analytical solution for the mean concentrations in the fracture and matrix regions is explicitly given in Fourier and Laplace transforms and numerically inverted to real space via fast Fourier transform. The simulation results demonstrate the significant effects of heterogeneous distributions of K f , K m , and a on solute transport process. Sensitivity studies show the dominant influence of heterogeneity in fracture in comparison with that in matrix. In some special scenarios of heterogeneity the dual-permeability model can be simplified to a mobile/immobile model [Huang and Hu, 2000] or a onedomain model [Deng et al., 1993] . The developed analytical solution provides a general tool to investigate the effects of various heterogeneities on solute transport in fractured porous media and to analyze the errors introduced through various model simplifications.
Introduction
[2] Groundwater flow and solute transport in fissured and fractured rock formations have been the subjects of intensive investigation in the last four decades. Many productive freshwater-bearing reservoirs, as well as geothermal and petroleum reservoirs, are known to be composed of fractured rock. Also, the search for safe repositories for hazardous wastes has led to studies of low-permeability rock formations, where major concern is the eventual release of contaminants to the ecosphere through interconnected conductive fissures.
[3] Flow and transport in fissured and fractured formations are frequently described by using dual-permeability models. Such an approach assumes that the medium consists of two regions, one associated with the fracture network and the other with a less permeable pore system of rock matrix blocks. Dual-permeability model may be obtained via volume averaging techniques [Long et al., 1982; Moench, 1984] or, alternatively, the method of homogenization [Arbogast et al., 1990; Hornung and Showalter, 1990] , which assumes that the medium is periodic at a smaller scale. Both methods yield equivalent results at the macroscopic scale [Wheatcraft and Cushman, exchange of fluid or solute between the two regions. One special case for the dual-permeability model is the dualporosity model, where the groundwater flow as well as convection and dispersion of solutes take place only in the fractures, while diffusion of solutes between the fractures and matrix blocks connects the two regions [Bibby, 1981; Coats and Smith, 1964; van Genuchten and Wierenga, 1976] . This model is suitable for the media where the matrix blocks have high porosity for fluid storage while the fractures have high permeability for fluid transport.
[5] Because of the dual nature of dual-permeability media and the two governing equations for the two regions, it is helpful to consider two local-scale representative elementary volumes (REV) in describing the system, one for the fracture system and another for the matrix system [Moench, 1984] . The fracture system REV is assumed to contain a larger number of fractures so that adding or subtracting a few fractures from the REV will not substantially alter its hydraulic properties. The fracture system REV is dependent upon the hydraulic properties and geometry of the fracture system and upon the scale of the problem under consideration as well. One limitation of the continuum approach is that it requires relatively small spatial variability of the fracture network to construct the fracture continuum. The matrix system REV will not necessarily be the same as the fracture system REV and will depend upon characteristics of the matrix blocks.
[6] The coupling terms in the dual-permeability model are the water and solute exchanges between the fracture and matrix regions. Under steady state flow condition, the water exchange and solute convection between the two regions will be trivial, but solute exchange could be significant through interregional mass diffusion driven by the concentration gradient between the two regions. The mass exchange term, À, defined as the exchanged mass of solute per unit volume of medium per unit time, is related to the interregional diffusion as:
where w f is the fracture volume factor and q m is the volumetric water content of the matrix pore system, C f and C m are the concentrations in fracture and matrix regions, respectively, a is the interregional mass diffusion rate (T
À1
), given by a = bD a /c 2 , where b is a factor depending on the geometry of the matrix, D a is the effective molecular diffusion coefficient (L 2 T À1 ) of the matrix block near the interface, and c is the distance (L) from the center of a fictitious matrix block to the fracture boundary. We will not study the parameters, b, D a and c individually, but rather than as a function of their combination, a. Here, a is an effective value, which represents the ''average'' mass diffusion rate within an REV. According to the expressions of a, the REV of a is similar to the REV of the fracture system.
[7] The largest heterogeneity of a fractured porous medium is clearly described by the nature of the dualpermeability model. Its influences on flow and solute transport processes have been studied through deterministic modeling methods. However, hydraulic conductivity fields in the fracture and matrix regions are generally heterogeneous for most fractured natural media. Such heterogeneities and their influence on flow and transport processes have not been well studied, these processes are the focus of this study. In this study, the hydraulic conductivity fields in both regions and the interregional mass diffusion rate are assumed to be space random variables. A stochastic perturbation method is applied to develop a closed form analytical solution for the mean concentrations in both fracture and matrix regions. The solution will then be used as a sensitivity study tool to investigate the influences of various heterogeneity sources on solute transport process.
[8] Applying stochastic method to study groundwater flow and solute transport in dual porosity media with random hydraulic conductivity is relatively limited. Only recently, several studies have been conducted in this area. Zhang and Sun [2000] developed a numerical moment equation method for studying transient flow in heterogeneous fractured porous media with a dual-permeability structure. In their study, the water movement in both domains is considered. The coupling term, which accounts for the water exchange between the two domains, as well as the fracture and matrix permeabilities are assumed to be stochastic processes. Li and Brusseau [2000] applied Monte Carlo simulation method to study solute transport in heterogeneous fractured media with a mobile/immobile flow model. In their study, both the hydraulic conductivity and mass transfer coefficient are assumed to be random variables, but there is no correlation between these two parameters. More recently, Huang and Hu [2000] used a stochastic Eulerian perturbation approach to study conservative transport in a heterogeneous porous medium with interregional, rate-limited mass diffusion. The interregional mass diffusion coefficient is treated as a space random variable, and is correlated with hydraulic conductivity. Later, they extended their study to reactive chemical transport with rate-limited sorption process [Huang and Hu, 2001] . However, in these two studies, water movement and solute dispersion are considered only in the advection (mobile) zone.
[9] In this study, we will investigate solute transport in a heterogeneous, dual-permeability medium with water movement and solute convection and dispersion occurring in both regions. As the suitability of continuum or discrete fracture models for flow and transport in fractured media has long been debated, we do not intend to address this issue here. The objective of this study is to develop a closed form analytical solution for the mean concentrations to investigate the effects of medium heterogeneities on solute transport in dual-permeability media. We will focus on the heterogeneity of the matrix and its influence on plume evolution by looking at various spatial moments, mean plume contours and breakthrough curves.
Definition of Parameters and Governing Equations
[10] In this study, we adopt a dual-permeability model to describe solute transport in a fractured porous medium under steady state flow condition. Before giving the governing equations for solute transport in the dual-permeability medium, we give the definitions of some key parameters used in the dual-permeability model for the sake of better understanding of the physical meanings of equations in the next section. This section is mainly based on Gerke and van Genuchten's [1993a] work.
[11] We use subscripts f and m to refer to the fracture and matrix pore regions, respectively. Vol t,f and Vol t,m are used to represent the total volumes of the fracture system and matrix system, respectively, per unit volume of the medium Vol t , Vol p , Vol p,f and Vol p,m represent the volumes of total pores, fracture pores and matrix pores in one unit volume of the medium. The porosity (n t ) and fractional porosity (n g , g = f or m) of the medium are defined as n t = Vol p /Vol t and n g = Vol p,g /Vol t (g = f or m), respectively. Similarly, q f = Vol p,f /Vol t,f and q m = Vol p,m /Vol t,m are the (local) porosities of the fracture and matrix systems, respectively. Notice Vol p = Vol p,f + Vol p,m and Vol t = Vol t,f + Vol t,m . These porosities are related by
in which w g is a volumetric weighting factor given by
The water flux densities q f and q m (L/T) in the two systems are defined as
where Q f and Q m are the volumes of water flowing per unit time through unit areas A f and A m of the fracture and matrix regions, respectively. The pore water velocities V f and V m in the fracture and matrix regions are defined as
The fluid velocity and mass flux of the bulk medium, V t and À t , are defined as
and
where C f and C m are the solute concentration in fracture and matrix regions, respectively.
[12] In this study, a dual-permeability model is adopted to describe the solute transport in a fractured porous medium under steady state flow condition. It is assumed that on the local scale the following equations for solute concentrations of a nonreactive chemical in the fracture and matrix regions hold [Gerke and van Genuchten, 1993a] 
where C is the solute concentration (M L
À3
), d ij are the components of the local dispersion coefficient tensor
), and a is the solute transfer coefficient (T
À1
). q i , q and w are defined previously. By multiplying (8) by w f and (9) by w m , adding the two equations together, and then integrating over all space, we can obtain
that the total solute mass in the two domains is constant with time (in the absence of solute sources/sinks) even though the solute mass in each individual domain may vary. In the derivation, we have assumed that the solute concentrations in both domains to be zero at infinite boundaries, and w g and q g (g = f, m) to be constant.
[13] In this study, the flow is assumed to be steady state with constant mean velocity, whose direction is aligned along with the x 1 axis. q and w in both regions are assumed to be constant. Further, the local dispersion tensor is assumed to be constant and diagonal, with
, and d ij is the Kronecker delta function. Based on these assumptions, (8) and (9) become
respectively, where q i,g /q g = V i,g and n g = q g w g (g = f or m).
[14] Equations (10) and (11) form the governing equations for nonreactive solute transport in dual-permeability media in both domains. To obtain the concentrations, one needs to know the spatial distributions of the various parameters. It has been widely recognized that these parameters are spatially heterogeneous for most natural media and the heterogeneities will strongly influence the solute transport. Owing to the scarcity of available field data, the spatial distributions of these parameters are usually described statistically, and Monte Carlo simulation and correlation function method are the two commonly used methods. In this study, correlation function method will be used to describe spatial distributions of the various parameters, and Eulerian perturbation method will be applied to obtain the analytical solution of mean concentrations with various random parameters.
Stochastic Formulation
[15] We assume hydraulic conductivities in both regions and the interregional mass diffusion rate are random variables, so are the specific discharges (or groundwater velocities) and concentrations in the two regions. In the usual fashion, we decompose these variables into their means and perturbed parts as
where the overbar represents mathematical expectation or ensemble mean. By inserting (12) into (10) - (11), and taking the expectation, we obtain
After subtracting (12) - (13) from (9) and (10), we can obtain the mean removed equations as
Equations (13) - (16) form a set of equations for the mean and fluctuating concentrations in the fracture and matrix regions. The mean concentrations in the two regions are the focus of this study. Spatial-Fourier and temporal-Laplace transforms will be applied to solving these equations and give the analytical expressions for C f and C m . This transformation method has been widely used in literature for the analysis of flow and solute transport in the subsurface [e.g., Koch and Brady, 1988; Gelhar and Axness, 1983; Naff, 1990; Deng et al., 1993] . From (15) and (16) one can obtain the first-order expression of v j;f c f in terms of s
where G f and H f are functions of V f , V m , n f , n m and ā, and their expressions in Fourier and Laplace transforms are given in Appendix A, asterisk represents convolution operator, and the subscripts x and t are the variables to whom the convolution is operated.
[16] It is clearly shown from (17) that the mass flux v j; f c f is nonlocal in space and time, which is consistent with the results for solute transport in one-domain field [Deng et al., 1993] , but with much more complicated expression. This mass flux is caused by the velocity fluctuation in fracture domain (if the flow velocity is constant in facture domain, this term will be zero), which includes the autovariance of velocity in fracture domain, covariance between the velocities in the two domains, and covariance between velocity in fracture domain and mass diffusion coefficient.
[17] Applying the Fourier and Laplace transforms to (17), we obtaiñ
where^and $ represent spatial Fourier and temporal Laplace transforms, respectively, k, w are the variables corresponding x, t in transform space, and
Similarly, we can also obtain the expressions ofãc f ,ṽ j;m c m and ĝ ac m , which are shown in Appendix B.
[18] Applying the Fourier and Laplace transforms to (13) and (14), we obtain
By inserting the expressions ofṽ i; f c f ,ṽ i;m c f ,ãc f andã c m into (20) - (21) and rearranging the terms, we can obtain The expressions of ê J p ðk; wÞ ð p ¼ 1; 2; 3; 4Þ are given in Appendix B.
[19] Equations (22) and (24) are the analytical expressions of the mean concentrations in transform space for nonreactive solute transport in a heterogeneous dual-permeability medium. It is shown from the two equations that C f and C m are explicitly expressed in terms of various coefficients and correlation functions among v i,f , v i,m and a. Therefore, once we know the coefficients and the correlation functions, we can use (22) and (24) to calculate the mean concentrations in the two domains through the fast Fourier transform (FFT) method. On the other hand, the two equations also reveal what data should be obtained for predicting the solute transport process in a dual-permeability medium.
[20] In some specific cases, (22) and (24) can be significantly simplified. If one assumes that solute convection and dispersion in matrix can be neglected, then the conceptual model becomes the mobile-immobile model [van Genuchten and Wierenga, 1976] 
Correlation Functions
[21] One needs to know the various correlation functions among v i,f , v i,m and a, or their transforms to calculate C f and C m . Similar to the study of solute transport in dual-permeability media, applying stochastic method to groundwater flow in such media is also a relatively new research area. In this section, we will apply mass conservation equation and Darcy law to relate velocity fluctuations to conductivity fluctuations for a steady state flow in a dual-permeability medium with stationary conductivity distributions in both regions.
[22] For steady state flow in dual-permeability media, the fluid mass balance equations in the fracture and matrix regions are [Gerke and van Genuchten, 1993a] 
where H is hydraulic head, K is the hydraulic conductivity, and B is a factor depending on the geometry of the fracture systems, which is assumed to be a constant in this study.
[23] From Darcy's law, we have
By inserting (30) into (26) and (27), respectively, and rearranging the terms, we obtain
In the usual perturbation scheme, one has where F f and F m are the mean values of ln K f (x) and ln K m (x) and they are assumed to be constant. By inserting (33) into (31) and (32), respectively, applying the same method as we did for the concentration perturbations, we can obtain in the first-order of s f p ( p = f, m) [24] The conductivity in the fracture domain is determined by the fracture aperture, length, orientation and distribution, while the conductivity in matrix depends on the size, connection and distribution of pores of the matrix. The pore characteristics in sediment rock are formed before the formation of the fractures. On the other hand, the characteristics of fractures, which are later formed by structural movement, depend on the geological stress and flexibility of the medium, not directly on the pores. It is thus reasonable to assume that there be no correlation between f f and f m as recently done by Zhang and Sun [2000] . With this assumption, we havê
Similarly we can also obtain
It is seen from (37) - (41) that these correlation functions are related to the hydraulic conductivity and mass diffusion coefficient of the medium. Physical measurements of fracture surface roughness have been obtained from natural fractures [e.g., Brown et al., 1986; Gentier and Billaux, 1989; Piggott, 1990; Vickers et al., 1992; Hakami and Larsson, 1996] . Results have shown that fracture apertures usually follow either a lognormal distribution [Gale, 1987; Hakami et al., 1995] or a Gaussian distribution [Piggott, 1990; Brown, 1995; Hakami and Larsson, 1996; Lapcevic et al., 1999] . However, there are very limited studies that use dual-permeability models for analyzing field experimental data and for inferring conductivity correlation functions in fractured porous media. Further, little is known about the distribution of the mass diffusion rate, a, and its spatial relationship with hydraulic conductivities in both domains. In this study, we assume that there is no correlation between a and lnK f or lnK m and adopt an isotropic exponential correlation model for a's distribution
where s a 2 is the variance and l a is the correlation length.
[25] Once the initial concentrations, Ĉ f 0 and Ĉ m 0 are known, ê C f and ê C m can be calculated through (22) and (24). Following Deng et al. [1993] , the FFT method is used to calculate the mean concentration fields, C f (x, t) and C m (x, t), numerically.
[26] Though our model is applicable to any arbitrary initial concentration distributions, for simplicity, we take the initial concentrations, C f 0 and C m 0 , to be uniform over a rectangular prism with a size of 2a 1 Â ÁÁÁ Â 2a N , so that
where C F and C M are the initial concentrations in the fracture and matrix domains, respectively.
[27] In this study, we will also use spatial moments of the mean plume to delineate the plume evolutions in dualpermeability medium. The spatial moments up to the third, as well as skewness, are related to the mean concentrations through
and skewness ¼ X 
where g = f or m, M g is the solute mass in region g, and X j,g i is the jth order moment along the coordinate direction i in region g.
Numerical Results and Discussion
[28] Although the above analysis is applicable in three dimensions, for the sake of simplicity and to expedite comparisons, we restrict our discussion to the two-dimensional case. Due to the lack of data, we make certain assumptions about such correlation functions in this study.
The log conductivity correlation functions in the two domains are assumed to be isotropic exponential,
where l g is the correlation length of the log-hydraulic conductivity. In the end of this section, we will also take different conductivity correlation forms in the two regions and study their influence on the plume evolution. Huang and Hu [2000] had studied the influence of al f /V f , a dimensionless parameter representing the rate of mass transfer process relative to the mean flow velocity in the fractures, on the spatial moments. Therefore we will not conduct sensitivity study on this parameter, but fix a f /V f = 0.0025, which represents a typical nonequilibrium mass transfer process.
[29] Table 1 gives the list of key parameters used for various case studies. Also for ease of comparison, we use a dimensionless concentration C* = C/C max I in all calculations. All results are given in dimensionless form. The initial concentrations, C F and C M , are both set to be 1, representing an initial equilibrium scenario between fracture and matrix regions near injection point.
[30] Figures 1a -1d depict the first two spatial moments and skewness in both fracture and matrix regions under various K f /K m in case 1. For the purpose of comparison, we also provide the results obtained from the mobile/immobile model [Huang and Hu, 2000] . It is shown from the figure that with the increase of , the first longitudinal and second transverse moments in both regions will decrease, the reduction is more obvious in the matrix region. However, the second longitudinal moments in both regions will increase with the increase of K f /K m , especially for that in the fracture region. The most interesting phenomenon is that the solute plume in the fracture region is negatively skewed, while the plume in the matrix is positively skewed. With the increase of K f /K m , the plume skewness in the fractures will be more negative, while its counterpart in the matrix will be more positive. When K f /K m is large enough, such as K f /K m = 100, the dual permeability model will give similar results of spatial moments as the mobile/immobile model does. However, with the decrease of K f /K m , the results by the dual-permeability model will significantly deviate from those obtained from the mobile/immobile model. The results in Figure 1 clearly show the limitation of the mobile/immobile model. Also shown in Figure 1 are the calculation results for the case of K f /K m = 1. The calculated results are the same as those obtained by Deng et al. [1993] for the one-domain case.
[31] On the basis of the second moment results, we apply Dagan's [1989] theory to estimate the ''effective'' dispersivity for solute transport in dual-permeability media in case 1. The relationship between the second spatial moments and the effective dispersion coefficient,
. This relationship dates back to the classical work of Taylor [1921] . The calculated results are shown in Figure 2 . From Figure 2a , one can see that for one-region media (K f /K m = 1), the longitudinal dispersion coefficient quickly reaches a constant after a couple of correlation lengths. However, for the two-region transport model (K f /K m > 1), the longitudinal dispersion coefficient keeps increasing with the travel distance in both domains. At large travel distance (or long travel time), the dispersion coefficient values in both regions will be much larger than those obtained in the one-region model, especially for the dispersion coefficient in the fracture region. The longitudinal dispersion coefficients in both regions will increase with the increase of K f /K m . Figure 2 clearly shows that for plume spreading along the longitudinal direction, the interregional mass diffusion is much more important than the dispersion caused by heterogeneity in each domain. Contrary to the results for the dispersion coefficient in the longitudinal direction, the transverse one, shown in Figure 2b , decreases with the increase of K f /K m , and the coefficient values in both the fracture and matrix regions are smaller than those obtained from the one-region model. The transverse dispersion coefficient in the fracture region will initially increase quickly to reach its peak value, then decrease slowly and finally reach a constant. The transverse dispersion coefficient in the matrix, however, will keep increasing slowly before approaching a constant. Generally speaking, the dispersion in two-domain media is quite different from that in one-domain media.
[32] Next, we use case 2 to study the influence of n f on the spatial moments. Figure 3a shows the influence of n f on the first moments of plumes in both regions. Generally speaking, the first moments of plumes in both regions decrease with the decrease of n f . Since we fix n f + n m = 0.35, the decrease of n f will increase the volume of matrix and decrease the fracture volume. The matrix retards the solute convection in the fracture region, but fractures play a role to speed up the movement of plume in the matrix. Therefore, with the decrease of n f , solute mean movement will decrease, which in turn makes the solute movement in matrix slow down. We change n f from 0.05 to 0.025, which is a 50% decrease. This change makes n m vary from 0.3 to 0.325, which is about an 8.3% increase. Therefore the spatial moments and skewness in the fractures are more sensitive to the change than are those in the matrix.
[33] Figures 3b and 3c depict the influences of n f on the longitudinal and transverse second moments of plumes in both regions. It is shown that with the change of n f from 0.05 to 0.025, the two moments increase in the fracture region, but decrease in the matrix. For the solute transport in the matrix, the decrease of n f means the decrease of solute source from the fractures in the plume front, which will decrease the solute spreading in the front. On the other hand, the decrease of n f will increase n m and strengthen the 14 -8 matrix's role on solute spreading in fractures, and make the plume in the fractures more dispersed. The two moments are more sensitive to the change of n f in the fracture region than in the matrix, for reasons discussed in the above paragraph: different percentage changes of the porosity in the two regions.
[34] Figure 3d depicts the longitudinal skewness of plumes in both regions under various n f . The skewness of the plume in the fractures becomes more negative with the decrease of n f , while skewness of the plume in the matrix becomes more positive. Generally, both plumes become more skewed with the decrease of n f , either negatively or positively. The results here are consistent with those obtained by Huang and Hu [2000] .
[35] Figure 4 shows the solute flux in case 3 across a control line located at a distance of x/l f = 4.0 downstream from the contaminant source. The solute flux has been extensively used in Lagrangian approaches, but seldom used in Eulerian approaches, except in Zhang and Neuman's [1995] study. The solute flux was calculated via numerical integration of the concentration along the control line. The relationship between the mass flux and concentration is given in (7). It is shown that in a short time, the total mass flux quickly reaches its maximum from zero, then takes a very long time (beyond the largest calculation time) to reach zero. It should be noted that a second peak of the breakthrough curve appears at the point V f t/l f % 24, even though the peak value is much smaller than the first one. In the detailed analysis, the total mass flux mainly comes from the fractures at early time (V f t/l f is small), but comes from the matrix at late time. The first peak is mainly attributed to the mass flux in the fractures and the second one is due to the mass flux in the matrix.
[36] Figures 5a and 5b show the mean solute spatial distributions in the fracture and matrix regions, respectively, for case 3. The plume in the fracture region has a bipeak concentration distribution. Since the solute mass mainly locates at the plume front, the second peak at the plume end can also be treated as a heavy tail. On the other hand, the plume in the matrix has a long head; the plume is strongly positively skewed and the movement of the plume peak is much slower than that in the fractures. The long tailing in the fractures and long heading in the matrix make the plumes at the two regions much more dispersed than those without interregional mass diffusion [Deng et al., 1993; Dagan, 1982 Dagan, , 1984 , and also make the plumes strongly skewed negatively or positively. The results in Figure 5 are consistent with the results shown in Figures 1 -4 .
[37] All previous analysis is based on the assumption of an exponential conductivity correlation function for both the fractures and matrix pore systems. Since the fractures and matrix have different pore structures and different REVs, the conductivity correlation structures of the two regions may be quite different. In following case study, we still use an exponential correlation function for the matrix region, but for the fractures, we choose a power law correlation function for conductivity in the form of
where
. Since the study of the spatial variation of hydraulic conductivity in fracture media is limited by the scarcity of field measurements, the choice of such correlation function is arbitrary. The different forms of the conductivity correlations are chosen here to investigate the sensitivity of solute transport to the covariance function. All the parameters are the same as those in Case 3.
[38] Figures 6a and 6b illustrate the influence of different correlation functions on the velocity covariance. It is shown that the exponential conductivity correlation leads to a rapid decay of the velocity correlation, while the power law correlation in the fractures results in a slowly dropping velocity correlation. The influence of the correlation structure as well as b on the spatial moments is shown in Figures  7a -7d . From Figure 7a it is seen that the covariance model and the magnitude of b do not impact the first spatial moments. However, as shown in Figure 7b -7d, the covariance for the fracture conductivity leads to larger second moments and more skewed plumes, and the effect is more significant for a smaller value of b. In comparison with the longitudinal second moment, the transverse second moment is more sensitive to the changes of the correlation model and the magnitude of b.
Conclusion
[39] We have presented a closed form solution of the mean concentrations in transform space for solute transport in heterogeneous dual-permeability media. Based on our numerical results and discussions, the following conclusions are drawn.
1. The model developed in this study has generalized the one-domain stochastic transport model [Deng et al., 1993] and the stochastic mobile/immobile model [Huang and Hu, 2000] . If the correlation functions, variances and correlation lengths in both fractures and matrix regions are the same, then the ratio of K f /K m will significantly influence the solute transport in both regions. If the ratio is chosen to be infinite or one, the dual-permeability transport model reduces to the mobile/immobile model or the one-domain transport model, respectively.
2. The fractional porosity will significantly influence the transport process. With the increase of n f , the first moment will increase, but both the longitudinal and transverse second moments decrease, and the plume in the fracture region becomes less skewed. However, the influence on the plume in the matrix is the opposite. The moments and skewness in fractures are more sensitive to the variation of n f .n f , n m volumetric water contents for fracture and matrix pore systems, n f = w f q f ; n m = w m q m . d ij, f , d ij,m local hydrodynamic dispersion coefficients in fracture and matrix pore systems. a L, f , a T, f ; a L,m ,a T,m local longitudinal and transverse dispersivities in fracture and matrix pore systems, respectively. a solute mass transfer rate between fracture and matrix pore systems. C f , C m , c f , c m mean concentrations and concentration perturbations in fracture and matrix, respectively. v i,f , v i,m pore water velocity perturbations in fracture and matrix, respectively. a a mean and perturbation of mass t ransfer coefficient. s a , l a standard deviation and correlation length of the mass transfer rate coefficient. H f , H m hydraulic heads in fracture and matrix pore systems, respectively. B factor determining hydraulic connection between fracture and matrix. F f , f f ; F m , f m Means and perturbations of log conductivities of fracture and matrix pore systems, respectively. s ; l m log conductivity variances and correlation lengths in fracture and matrix systems, respectively. C F , C M Initial concentrations in fracture and matrix, respectively. Symbols -mean operator. represent spatial Fourier transform. $ represent temporal Laplace transform. Subscripts f represents fracture pore system. m represents matrix pore system .
